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Depth Dependence of Stratum Corneum Lipid
Ordering: A Slow-Tumbling Simulation for Electron
Paramagnetic Resonance
Eiichiro Yagi1, Kazutami Sakamoto1 and Kouichi Nakagawa2
We investigated the structural ordering of stratum corneum (SC) lipid by means of electron paramagnetic
resonance (EPR) slow-tumbling simulation in conjunction with spin probe studies. The SC of human mid-volar
forearm was stripped consecutively from three to six times. The EPR probe method detected a characteristic
peak of sebaceous matter in the first SC stripping. The order parameter values obtained by the slow-tumbling
simulation (S0) showed significant differences between each layer compared with those indicated by the
conventional order parameter (S) using hyperfine couplings. Although the conventional S values were in the
range of 0.56 (outermost layer) to 0.61 (bottom layer), the S0 values by the simulation changed from 0.22 to 0.96.
The present results suggest that the structural ordering of the outermost SC layer is less tight, whereas the
structure of inner layers becomes more rigid. Therefore, we concluded that the EPR probe method recognizes
sebaceous matters, whereas EPR in conjunction with the simulation allows quantitative evaluation of SC lipid
ordering in relation to skin depth.
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INTRODUCTION
The uppermost skin layer, stratum corneum (SC), is a very
important tissue, as it determines the skin barrier function
against transepidermal water loss (TEWL) and percutaneous
absorption of topically applied drugs. The morphology of the
SC lipids is closely associated with the barrier function. The
intercellular multilamellar lipid bilayer, which consists of
ceramides, free fatty acids, cholesterol, and cholesterol
sulfate, acts as the main epidermal barrier. The role of the
intercellular lipid structure in relation to barrier function has
been investigated by many researchers (Bommannan et al.,
1990; Denda et al., 1994; Zhang et al., 2006). Bommannan
et al. (1990) examined the structural changes of the SC lipid
using infrared spectroscopy. They suggested that the outer
layers are less cohesive and the intercellular lipids are more
disordered as compared with the deeper membrane, based
on the C-H stretching absorbance of the methylene groups of
the lipid acyl chains. The structural ordering of the multi-
lamellar lipid can also be studied by X-ray diffraction
(Bouwstra et al., 1991) and electron diffraction (Pilgram
et al., 1999), but these approaches are limited to in vitro SC
specimens or model lipid membranes containing water.
Especially X-ray method does not provide information about
depth-related changes of the SC. Moreover, the electron-
microscopic method using chemical agents can identify the
location of lipids in the SC (Bouwstra et al., 2003; De Graaff
et al., 2003), but not the motional changes. Hence, the depth
dependence of the SC lipid structure remains to be explored
in detail.
Non-invasive analysis of the SC (skin-lipid structures and
fluidity) by electron paramagnetic resonance (EPR) in
conjunction with a single-chain aliphatic spin probe has
been utilized by several research groups (Tanaka et al., 1986;
Alonso et al., 1996; Kawasaki et al., 1997; Mizushima et al.,
2000a, b; Kitagawa and Ikarashi, 2001). Recently, precise
analysis of the experimental spectra could be achieved by a
slow-tumbling simulation, which showed that the spectral
simulation provided insight into the quantitative ordering of a
model lipid structure (Nakagawa, 2003, 2004). The tumbling
motions in the lipids are generally on the order of
108–107 seconds. Nakagawa and co-workers were also
pointed out that the EPR simulation could be very useful to
detect subtle spectral changes associated with the probe
environment in the SC lipids (Nakagawa, 2006; Nakagawa
et al., 2006). That is, the simulation takes into account small
line-shape changes owing to environmental changes.
Here, we describe the quantitative evaluation of SC lipid
structure as a function of skin depth. No previous investiga-
tion has dealt with depth-related changes of the ordering or
fluidity of lipids in the SC. The EPR simulation can potentially
provide further insight into the skin-lipid structures. We also
discuss the influence of these changes on TEWL.
& 2006 The Society for Investigative Dermatology www.jidonline.org 895
ORIGINAL ARTICLE
Received 12 June 2006; revised 27 July 2006; accepted 21 September 2006;
published online 16 November 2006
1Shiseido Research Center, 2-2-1 Hayabuchi, Tsuzuki-ku, Yokohama, Japan
and 2RI Research Center, Fukushima Medical University, 1 Hikarigaoka,
Fukushima, Japan
Correspondence: Dr Kouichi Nakagawa, RI Research Center, Fukushima
Medical University, 1 Hikarigaoka, Fukushima, 960-1295, Japan.
E-mail: nakagawa@fmu.ac.jp
Abbreviations: 5-DSA, 5-doxylstearic acid; EPR, electron paramagnetic
resonance; SC, stratum corneum; TEWL, transepidermal water loss
RESULTS AND DISCUSSION
Figure 1 presents typical anisotropic EPR spectra of
5-doxylstearic acid (5-DSA) incorporated in the SC lipids
from human mid-volar forearm. The EPR spectrum of
stripping number 1 is different from the others. The arrow
in the spectrum indicates the characteristic peak, which is
prominent only for the first stripping. This peak diminishes in
intensity with increasing depth in the SC. This spectral
change as a function of the stripping number was seen in the
SC sheets of all volunteers. The marked peak appears near the
center of the spectrum because the probe embedded in the
first stripping sample has greater freedom of motion. The
other two lines of the nitroxide probe are overlaid the central
region of the spectrum. It is noteworthy that the peak
disappeared after treatment of the SC sample with acetone.
Acetone treatment is known to remove various components,
in addition to sebaceous matters.
We further investigated this characteristic peak (Figure 2a).
The strong and broad peak observed for the SC sheet of
human forehead, as shown in Figure 2b, can be attributed to
sebum and sebum secretions. The strength of the signal is
considered to reflect the abundant sebum secretions at the
forehead compared with that of forearm. The peak was
smaller for the SC obtained after washing with soap (Figure
2c). Figure 2d shows the EPR spectrum of sebaceous matters
obtained by subtracting (c) from (b). The dotted line
represents the simulated spectrum. The three-line spectrum
indicates less ordering (S0o0.1) and fast probe motion. EPR
simulation analysis also indicated that the area of this peak in
Figure 2a accounts for approximately 2% of the total spectral
area.
The obtained EPR spectra indicate typical anisotropic
pattern owing to incorporation into the SC lipids and are
analyzed to evaluate the chain ordering of the lipids. The
values of the order parameter (S0) obtained by the simulation,
together with the conventional order parameter (S), are given
in Table 1. The conventional S value is determined from the
hyperfine couplings of the EPR signals according to the
following relations (Shimshick and McConnell, 1973):
S ¼ Ak  A?
AZZ  12 AXX þ AYYð Þ
 a
a0
ð1Þ
a0 ¼ Ak þ 2A?
3
ð2Þ
where a is the isotropic hyperfine value, (AXXþAYYþAZZ)/3;
AXX, AYY, and AZZ are the principal values of the spin probe.
In calculation based on the experimental spectra, the
principal components of AXX, AYY, AZZ¼ (0.66, 0.55, 3.45)
mT and gXX, gYY, gZZ¼ (2.0086, 2.0063, 2.0025) were used
for 5-DSA (Ge et al., 1990). The experimental hyperfine
couplings of 2A8 and 2A> were obtained from the EPR
spectrum as shown in Figure 1.
Figure 3 shows that the experimental and simulated EPR
spectra of 5-DSA in the SC. The reasonable agreement of the
simulated and experimental spectra suggests that simulation
analysis can provide detailed information regarding the SC
lipids. It is noteworthy that there are S0 differences among
individuals on stripping 1. The main reason is considered to
be individual differences in the signal from sebaceous
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Figure 1. EPR spectra of stripped SC as a function of depth in the SC.
Experimental EPR spectra of 5-DSA incorporated into SC lipids of mid-volar
forearm. SC sheets were stripped up to three or six times successively. The
panel numbers indicate three different volunteers. The arrow of stripping
number 1 indicates the characteristic peak. Stripping numbers show
consecutively stripped SC from the surface downwards.
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Figure 2. EPR spectra of stripped SC from human mid-volar forearm and
forehead. Experimental EPR spectra of 5-DSA in stripped (a) SC from human
mid-volar forearm, (b) SC from human forehead pre-wash, and (c) SC from
human forehead after-wash. The short dashed line corresponds to the
characteristic signal. The long dashed line corresponds to the probe
incorporated into the SC lipids. (d) The result of subtraction of spectrum
(b) 
0.7 from spectrum (c) and the simulated spectrum (dashed line) are
presented. The resultant spectrum appears to originate from the sebaceous
matter. (b) The factor of 0.7 was used in order to subtract the anisotropic
signals.
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matters. The EPR spectrum of sebum mainly shows an
isotropic three-line pattern (Figure 2d). As described above,
the slow-tumbling simulation takes into account the aniso-
tropic motion of the probe in the SC sample. The simulation
also provides the rotational diffusion coefficients
(3.3108–1.7
107 seconds) of the probe in the range of
stripping 1–6. The dynamic values indicate that the probe
motions are slow in the SC lipids. Thus, the fast motions of the
probe in sebaceous matters would cause deviation from the
simulation.
The S0 value changes from 0.22 to 0.96, whereas the S
value is in the range of 0.56–0.61 as presented in Table 1.
High values of S0 were obtained for stripping 3 and 4 of
subject 1, but the values for stripping 5 and 6 were decreased.
We consider this can be explained in terms of the presence of
immature cells, which have no rigid lipid bilayer. The
relatively high values for subject 2 may be related to the
greater age of this subject.
There are significant differences between the conventional
and simulated order parameters. Because the slow-tumbling
simulation calculates the total line-shape of the spectrum, it is
able to extract more information about the SC structure than
the conventional analysis using hyperfine couplings, which is
normally ambiguous in determining the two hyperfine
components (parallel and perpendicular) from the experi-
mental spectrum owing to the presence of weak and broad
signals (Nakagawa et al., 2006). Thus, the S0 values (B0.2)
obtained by the simulation suggest that the outermost SC
layers are less rigid (or more mobile), whereas the deeper
lipid layers (S0B0.9) have more rigid and oriented structures.
Next, we examined the correlation between the simulated
order parameter (S0) and the TEWL value. As shown in
Figure 4, the value of S0 increases with the increase of the
stripping number, whereas the increment of TEWL is rather
gradual, but increases significantly after 3–6 strippings. Both
values are relatively high in the lower (underlying) layers.
Thus, the change of the TEWL value as a function of depth in
the SC does not parallel that of the S0 value. If the
multilamellar lipid bilayer is the primary (or determinant)
constituent of the SC barrier function, the changes of S0 and
TEWL should be similar. The discrepancy found here suggests
that there must be other contributions than ordering of
lamellar lipid layers that control water permeation through
the SC.
There were investigation reported for several functional
constituents, such as water (Warner et al., 1988; Bommannan
et al., 1990; Caspers et al., 2001; Bouwstra et al., 2003),
natural moisturing factor (Horii et al., 1989; Caspers et al.,
2001; Zhang et al., 2006), hydrophobic cornified envelope
(Hirao et al., 2001), and ceramide (Bonte’ et al., 1997;
Bouwstra et al., 1999; Weerheim and Ponec, 2001) in the SC.
The observation showed that these constituents were located
predominantly in the middle layers of healthy SC. Hence,
harmonious integration of such constituents with the certain
multilamellar lipid structure may be critical for the barrier
function of the SC.
In summary, we investigated quantitatively the ordering of
SC lipid structure as a function of the depth. Satisfactory
agreement between the experimental and calculated spectra
can provide a quantitative S0, which reveals the microscopic
ordering in the SC. It was found that the multilamellar lipid of
the middle to lower (bottom) layers show a high value of the
order parameter (S0B0.9), corresponding to the presence of
well-ordered structure. The characteristic peak seen in SC
obtained at the first stripping appears to be owing to
sebaceous matters. The EPR simulation provides a means to
investigate the relationship of lipid chain ordering to various
SC functions as a function of the depth.
MATERIALS AND METHODS
Preparation of stripped SC samples from volunteers and
measurement of TEWL
The Shiseido Research Center Internal Review Board approved all
protocols used herein. The ethical principles for non-clinical
biomedical research involving human subjects as declared in the
Declaration of Helsinki Principles were adhered to in every respect.
Table 1. Values of conventional order parameter (S)
and order parameter (S0) obtained by the EPR
simulation
Volunteer (sex, age (years))
No. 1 (male, 49) No. 2 (male, 59) No. 3 (male, 49)
Stripping number S S0 S S0 S S0
1 0.58 0.43 0.56 0.61 0.58 0.22
2 0.59 0.63 0.59 0.90 0.59 0.67
3 0.60 0.90 0.59 0.96 0.60 0.67
4 0.61 0.82 0.59 0.93 — —
5 0.61 0.59 0.59 0.96 — —
6 0.61 0.55 — — — —
EPR, electron paramagnetic resonance.
Note: Stripping was terminated when skin appeared red or when the
subject was unwilling to continue (Subject 3 declined to continue).
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Figure 3. Experimental and simulated EPR spectra of stripped SC.
Experimental (solid line) and simulated (dashed line) EPR spectra of 5-DSA
probe. Stripping numbers show consecutively stripped SC from the surface
downwards.
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Three to six SC specimens were successively removed from the mid-
volar forearm of three volunteers (male, aged 49; male, aged 59; and
male, aged 49), who had given informed consent to the procedure.
All subjects had normal skin, as judged by visual assessment. A
quartz glass plate (8 mm
 70 mm; Nihon Denshi, Tokyo, Japan) on
which a single drop of cyanoacrylate resin had been spread
uniformly was used to strip the SC sheet. TEWL was measured using
a Vapometer SWL3N (Delfin, Finland) before and after stripping of
the SC. Stripping was terminated when the skin showed redness or
when the subject declined further stripping. TEWL measurement and
stripping were conducted in an air-conditioned room at 26–271C and
40–50% relative humidity. The stripped samples were kept in the
relatively humid room before incubation with the spin probe. Our
preliminary results show that there are no significant changes in the
EPR spectrum if samples are kept in the humid environment. The
preparation of the SC sheets for EPR measurements and the method
used to investigate the lipid ordering in relation to depth will be
reported in detail elsewhere.
Preparation of SC sheets for ex vivo measurements
A single-chain aliphatic spin probe, 5-DSA, was purchased from
Aldrich-Sigma Chemical Co. Inc., and used as received. The 5-DSA
aqueous solution (26 mM) was prepared immediately before incuba-
tion, and the SC samples were incubated in it for 60 minutes at 371C.
After the incubation, the excess spin probe was removed with
distilled water, and the SC sample was mounted in the EPR cavity.
EPR measurements
A JEOL JES-RE1X X-band (9 GHz) EPR spectrometer was used to
measure the SC samples. Typical spectrometer settings were as
follows: microwave power, 10 mW; time constant, 1 second; sweep
time, 8 minutes; modulation, 0.2 mT; sweep width, 15 mT. All
measurements were performed at ambient temperature. The
obtained EPR spectra of 5-DSA in the various SC samples were
digitized using a software UN-SCAN-IT for windows version 6.0 (Silk
Scientific Inc.). The digitized EPR spectra were analyzed using two
methods: conventional calculation of the order parameter (S) and
spectral simulation (S0).
EPR slow-tumbling spectral simulation
The slow-tumbling motions on the order of 107 seconds of the
aliphatic spin probes in membranes were evaluated by using the
nonlinear least-squares fitting program NLLS to calculate the EPR
spectra based on the stochastic Liouville equation (Schneider and
Freed, 1989; Budil et al., 1996). The EPR spectra for spin probes
incorporated into the multilamellar lipid bilayer were calculated
according to the microscopically ordered but macroscopically
disordered (MOMD) model introduced by Meirovitch et al. (1982).
In this model, lipid molecules are preferentially oriented by the local
structure of the bilayer, but the bilayer fragments are overall
distributed randomly. The spectrum of a sample can be regarded
as the superposition of the spectra of all of the fragments.
The lipid and 5-DSA molecules in the lipid bilayer experience
ordering potentials, which restrict the amplitude of the rotational
motion. The ordering potential in a lipid bilayer determines the
orientational distribution of molecules with respect to the local
ordering axis of the bilayer (Ge and Freed 1999; Nakagawa et al.,
2006). The overall orientation of the probe can be expressed by the
order parameter (S0), which is defined as follows (Crepeau et al.,
1994; Budil et al., 1996),
S0 ¼ D200
  ¼ 1
2
ð3 cos2 g 1Þ
 
¼
R
dO expðU=kT ÞD200R
dO expðU=kT Þ ; ð3Þ
which measures the angular extent of the rotational diffusion of the
nitroxide probe moiety. Gamma (g) is the angle between the
rotational diffusion symmetry axis and the z-axis of the nitroxide
axis system. In addition to S0, the simulation calculates slow-tumbling
motions of the probe in the bilayer, providing rotational diffusion
coefficients, as described in detail elsewhere (Nakagawa et al., 2006).
The local or microscopic ordering of the nitroxide probe in the
multilamellar lipid bilayer is characterized by the S0 value. A larger
S0 value indicates more restricted motions and a smaller S0 shows
less ordered structure. Therefore, S0 reflects the local ordering of the
lipid structure in the membrane.
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